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I. SUNPlARY ( I .  INTRODUCTION 
T 

The NERVA Al t i tude  Simulation System (NASS) f o r  ETS-1 is an exhaust- 1 

, 
A s e r i e s  of nozzle tests in a wind tunnel  has  improved the under- 

duct system designed t o  s imulate  a h igh-a l t i tude  opera t iona l  environment f o r  

a nuclear  engine. One fea ture  of t h i s  exhaust-duct design is a wet-elbag; a 

point in the  duct where the exhaust gases a r e  cooled by the  d i r e c t  i n f e c t i o n  
of water and Subsequently turned. 

cool  the gases; obviat ing the  need for secondary cool ing of the  duct  wal ls  o r  
o ther  components t h a t  are exposed t o  the  exhaust gases downstream of t h e  p o b t  

of water in jec t ion .  

s tanding of how water from spray and penetrat ion nozzles is distributed in 
a Cross flow of gas. how water-droplet s i z e s  a r e  generated. 

The d i r e c t  i n j e c t i o n  of water is used t o  The drops generated by tha break up of water jets from nozzies ranging 

in diameter from 0.25 t o  1.5 in. were photographed in a series of wind-tunnel 
tests- me Volume Bean drop Size generated i n  these tests compared favorably 

4 t h  tha t  calculated Using the  following empir ical  equation generated by 
Ingebo for nozzles of f r o n  0.01 t o  0.04-in. in diameter. 

To evaluate  the e f fec t iveness  of such a cooling system, it is nacessary 

t o  pred ic t  che manner i n  which streams of water i n j e c t e d  i n t o  a C r O S s  flow of 
gas break up and evaporate. 

DM/Do = 3.9 (We/Re)0'25 

The maxizum drople t  d i m e t e r  wasl nominally 30X smaller  than the  drople t s  

Beaured  with the  Ingebo method as corre la ted  by the  tquation: I n  the  design concepts of the  water- injector  system, d i f f e r e n t  s i te - water jets are spec i f ied  t o  achieve varying degrees of penet ra t ion  into t h e  

exhaust-gas stream. such t h a t  the  i n t i r c  ga3-ElOW f i e l d ,  insofar .25 ?ossible ,  
i n t e r a c t s  with the in jec ted  water flow. 

fio!g, they a r e  d is in tegra ted  i n t o  drople t s  tha t  evaporate, cool ing the  gas 

stream. 
s i z e ,  the  spectrum of drople t  s i z e s  generated is of primary interest. 

As the  Water jets penet ra te  t h e  gas 
- 22.3 ( W e / ~ t e ) " ~ ~  

A series Of ~ a s s - d i s t r i b u t i o n  measurements has resu l ted  in a new understanding 

of the  quant i ty  of water removed from the  water je t  as i t  penetrates  a Cross 

water-jet mass d i s t r i b u t i o n  in a cross  flow of gas. 

modification of the  expression generated by Clark (Ref. 1). 

Because the  r a t e  of evaporation is a d i r e c t  funct ion of the  drople t  

Of gas. An empir ical  eXpreSSi0n is presenred t h a t  charac te r izes  the  

me c o r r e l a t i o n  is a Scalz-model and o ther  laboratory t e s t s  have es tab l i shed  the  jet pene- 

t r a t i o u  c h a r a c t e r i s t i c s  and jet-break-up ra tes .  

d rople t  s i z e  has  been predicted by using empir ical  c o r r e l a t i o n s  based on tests 
of small-diameter nozzles. 

dependent on the  sur face  area exposed t o  the  hot  gases, confirmation regarding 
the  drople t  s i z e s  generated by l a r g e  water jets, as w e l l  as the  Jet-break-up 

rate, was deemed necessary. 

In addi t ion,  a volume mean 

q/q, ., (a(€" - 1:" + I]-'*' Since the drople t  evaporation ca lcu la t ion  is 

.4 Series of tests Of f la t -spray nozzles ind ica tes  t h a t  the  penetrat ion 

decreased LO 50 or 60% of t h a t  a t ta ined  with a penetrat ion or f i re-hose 
nozzle. 

A test program, consequently, WAS devised and completed t o  determine 

tha mass d i s t r i b u t i o n  and the water-droplet s i z e s  generated by tho Ere& up 
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of the water j e t s  from a s e r i e s  of water nozzles ranging from 0.25 t o  1.5 io .  

i n  diameter. 

with flow r a t e s  of from 9.3 t o  650 gpm. 

Research Tunnel a t  the L e w i s  Research Center. 

The water pressures  i n  these tests ranged from 37 t o  137 psig,  
The t e s t s  were conducted i n  the Icing 

Several inves t iga tors  have s tudied  the drop s i z e s  generated by air 

atomization of l iqu id  j e t s .  
i n  a small wind tunnel  and generated empir ical  cor re la t ions  r e l a t i n g  the drop 

The 

Ingebo and Foster (Ref 2 )  performed experiments 

izes  t o  the Reynolds number, the Weber number, and the nozzle diameter. 
experimental technique developed i n  Ref 2 uas used a s  a model f o r  t h i s  drople t  

s tudy,  and the r e s u l t s  a r e  compared with the cor re la t ions  i n  R a f 2 .  

Because d i f f e r e n t  s i z e  nozzles a t i  ;squired f o r  water penetrat ion of a 

gas stream, the mass d is t r ibu t io l l  of waior w i l l  d i f f e r  with each change i n  
the  nozzle s ize .  

dynamic pressure of the gas flow causes the  water j e t  t o  bead and spread. 
Ultimately the witer je t  is d i s i n l r p t a t e d  i n t o  droplets .  

the  NASS water in jec t ion  s y s t e m  neea co know how the water mass is d i s t r i b u t e d  

along the jet. 

made i n  t h i s  test program. 

Also, as a stream of water en ters  a cross  flow of gas, t h e  

The designers of 

To determine t h i s ,  water-mass-distribution measurements were 

The experimental da ta  from t h i s  program do not compare w e l l  wi th  the  

d i s t r i b u t i o n  predicted with a previous a n a l y t i c a l  model; consequently, new 

test daLa Lave been used t o  upgrade and i q x o v e  the  a c a l y t i c a l  model. 

I n  addi t ion t o  the o ther  tests, a s p e c i a l  s e r i e s  of t e s t s  w a s  conducted 

t o  d e t e r n i m  the penetrat ion c h a r a c t e r i s t i c s  of a small ,  f la t -$pray nozzle. 

I t  is cur ren t ly  planned tha t  t h i s  p a r t i c u l a r  type of ricizle w i l l  be used i n  

tho ?:.ZSS s z t e r - i a j e c t i o n  s y s t e m  i n  addi t ion  t o  the  f i re-hose type of nozzles. 

The small  nozzles a r e  needed to  insure gas-water i n t e r a c t i o n  i n  the near-wall 

region. 

3 

A few tesLs were conducted i n  which a long-chain polymer mater ia l  
I 

(Polyox*) was inlroduced i n t o  the water flow. The addi t ion of such a polymer 
t o  a flow of water has reduced the f r i c t i o n a l  l o s s  i n  flow l i n a s  and could be 

benef ic ia l  f o r  systems where pressure heads are l imi ted  and flow rates m u s t  

be increased without hardware changes. 

Because of cons t ra in ts  imposcd by the test i n s t a l l a t i o n ,  the  method of 
mixing the  polymer i n t o  the water was inh ib i ted  and was, perhaps, inadequate. 

Consequently, no conclusions ES t o  i t s  e f f e c t  could be pos i t ive ly  asczr ta ined;  

however, v i s u a l  observations indicated t h a t  although the  water flow rates were 
increased, the changes i n  penetrat ion were not s ign i f icant .  

t h a t  bigger water droplets  formed during the  tests with Polyox nddcd. 

! 
It a l s o  appeared 

*Union Carbide Corporation, Chemicals and P l a s t i c s  Development Division. 
I 
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111. DESIGN OF EXPERIMXNT 

A. YATTER-DROPLET STUDY 

A je t  of f l u i d  in jec ted  i n t o  a cross-current a i r  stream w i l l  pene- 

t r a t e  the  a i r  stream and break-up i n t o  small droplets .  

a n a l y t i c a l  work has gone i n t o  the  problen of measuring drop s i z e s  and detennin- 

lug the d i s t r i b u t i o n  i n  such a system t o  pern i t  a more fundamental ana lys i s  of 

the p a r t i c u l a r  heat- or mass-transfer process. 

Much experimental and 

I 

me various techniques f o r  masur ing  drop s i z e s  lncliide the  

f o l l a r i n g  : 

1. Collect ion - drops a r e  co l lec ted  on s l i d e s  or i n  c e l l s  and 

measured and counted. Effect ive i n  a d i f fused ,  low-velocity gas stream. 

2. Freezing - drops a r e  sol i r l i fed.  co l lec ted ,  and s i z e a  by using 

s ieves .  7tq;fros a f a i r l y  long heat - r rmsfer  path t o  e f f e c t  conline. 

3. Photographic - drople ts  are microphotographed. Requlres high- 

speed photography. 

d i f f i c u l t .  Data reduction is tedious. 

The depth of focus is small, which makes measurements 

4. Optical  - back s c a t t e r i n g  or d i f f r a c t i v e  s c a t t e r i n g  and 

traaaparency mcasuresents are s u i t a b l e  f o r ' p a r t i c l e s  of a unlform s i z e  but  

a r e  less e f f e c t i v e  f o r  nonunlfom-sized p a r t i c l e s  such as  water sprays. 

5. E l e c t r i c a l  - drople t  s i z e s  of e l e c t r i c a l l y  conducting f l u i d s  

a r e  Peraured by pulse  counter across  an a r c  gap. 

f o r  de t r rn in ing  drople t  s izes .  

S t a t t s t i c a l  methods a i e  used 

6. Elec t ronta t ic  - e lec t ros ta t ic -charge  measurements can be 

re la ted  LO che s i z e  of par t ic les .  

7. Cascade Impactors - p a r t i c l e s  less than 1 0 0 ~  i n  diameter can 

be fract ioned i n t o  groups. Require c a r e f u l  ca l ibra t ion .  These are particu- 

l a r l y  good f o r  smoke or aerosols .  

In general ,  the  methods of obtaining such q u a n t i t i e s  as nuaber 
and mass concentrat ion,  drop s i z e ,  and drop d i s t r i b u t i o n  da ta  are e i t h e r  by 
taking saffiples and examining the co l lec ted  p a r t i c l e s  or by d i r e c t  observation 

of the  dispersed mass. Because accurate  and rcprcsenta t ive  sampling is always 
d i f f i c u l t ,  i t  is general ly  preferred wherever poss ib le  t o  make d i r e c t  observa- 

t ions .  Commonly, the techniques f o r  c o l l e c t i n g  liquid-drop samples are the  

same a s  f o r  gas-borne-dust p a r t i c l e s .  

or f i l t r a t i o n ,  weighed, counted Lor tiumber, and sca led  f o r  s ize .  The tech- 

nique used f o r  the co l lec t ion  of sanples  is general ly  the  d i r e c t  capture  of 

drople t s  on a s l i d e  or i n  an immiscible f l u i d ,  

performed from e i t h e r  photographs or the  o r i g i n a l  specimen. 

technique is t o  treat a s l i d e  with a coat ing t h a t  w i l l  leave an impression 

thac can be measured; however, Llris  Lrchnique is dependent on a good ca l ibra-  
t i o n  so t h a t  adequate s i z e  measurements can be obtained. 

1 

The sample is col lec ted  by impingement 

' 
Counting or s c a l i n g  may be  

An a l t e r n a t i v e  

1 

Sprays can be frozen t o  permit s iev ing  and weighins of  t h e  
co l lec ted  spray t o  determine s i z e  and d is t r ibu t ion .  

by means of a j e t  or cascade impactor is an es tab l i shed  method developed f o r  

the rout ine  determination of cumulative volume d i s t r i b u t i c n  of a spray. 

is recommended f o r  drop s i z e s  up t o  100>. 

(1) unmagnified or microscopic observat ion of sedimentation rates, (2)  inten- 

s i t y  of t ransmit ted l i g h t ,  and (3) measurement of i n t e n s i t y  or polar iza t ion  of 
s c a t t e r e d  l i g h t .  

each method s u f f e r s  from s p e c i f i c  l imi ta t ions .  

The technique of sampling 

It 
Direct o p t i c a l  methods include: 

Each of these  methods requi re  s u i t a b l e  o p t i c a l  systems, and I 
Ingebo and Foster  (Ref 2). and B i t t k e r  (Ref 3 )  u t i l i z e d  a high- 

speed camera t o  photograph fast-moving drople t s  i n  an a i r  stream t o  obta in  

s i z e  measurements and a probe t o  determine drople t  concentrat ion,  

i n  addi t ion,  analyzed these photographs by using an e l e c t r o n i c  counter, which 
Bit tker .  
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counted and s ized  oiily those drops g r e a t e r  than 200p in diameter. Wiess and 
Uorsham (Kef 4). and Nelson and Stevens (Ref 5) used a f reez ing  technique t u  

permit the  co l lec t ion  of drops and the  u l t imate  measurement of s i z e s .  Weiss 
and Worsham used a hot  wax as a s imulat ing l iqu id  and s i z e d  the  dispers ion by 

using a Hicromerograph (a commercial sedimentation-in-air analyzer). Nelson 
and Stevens used a technique t h a t  f roze  the drople t s  froin a spray nozzle i n  a 

*liquid-nitrogen bath and found t h a t  i t  was poss ib le  to  ac tua l ly  screen and 
weigh the droplets .  

Optical  techniques based on t ransmiss iv i ty  or d i f f r a c t i o n  are 
gendrally urasatlsfactory but  Dobbins, Croceo, and Glassman (Ref 6) werc able  
experimentally t o  show agreement betveen the  volume-to-surface mean dianceter 
f o r  s o l i d  spberes as measured both by a microscope and by a l igh t -sca t te r ing  

experiment. 

Wicks and Dukler (Kef 7) reviewed the  techniques used f o r  t:ieasur- 
ing d r o p - s i x  d i s t r i b u t i o n s  and devPlcpo-d a ne!? method :or a direct: m=wirenent. 

The pr inc ip le  is simple, d rople t s  sE o c s d u c t i u g  f l u i d  f l w i c g  p i - :  k:c eeedle  
poin ts  of a dc c i r c u i t  produce cur ren t  pulses t h a t  can be to ta led  ducLronica l ly .  

Sy vawing the needle spacing, an average-counr-rate curve is obtnlnrd Prom 
which the drop d i s t r i b u t i o n  can be calculated.  Experimental da ta  presented 
do not  permit a f u l l  evaluat ion of t h i s  technique. 

A sampling technique where drople t s  a r e  captured on s l i d e s  has 

been used by numerous inves t iga tors .  Griffen and Nuraszrw (Ref 8 )  coiiiited 

drople t s  deposited from a spray on microscope s l i d e s  coated with masnesium 

oxide, and then s impl i f ied  the  system by spraying a dyed f u e l  throti$i the  

nozzle and c o l l e c t i n g  samples at varying dis tances  from the nozzle. By com- 
paring the samples co lor imet r ica l ly .  i t  was possible  t o  i n f e r  mass diacr ibu-  
t i o n  and the corresponding volume. 

A l l  of the previously mentioned methods requi re  a unique co l lec tor  
s y s t e m  to be mounted in the  gas-flow f i e l d  w i t h  the  exception of the d l r e e t  

7 
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observation or o p t i c a l  systcm. 
chc s i z e s  of drople t s  generated by the a c t i o n  of t h i s  high-velocity gas on 
the  water stream, consequently, producing ail erroneous environment. 

of laboratory inves t iga t ions  on similar subjec ts  u t i l i z i n g  a high-speed 

slridowgraph sys  tea influenced the  u l t imate  s e l e c t i o n  of a photographic tech- 

nique a s  bel& a system t h a t  could f u l f i l l  the  t e s t  ob jec t ives ,  and could be  
readi ly  assembled with laboratory evaluat ion assuring its f e a s i b i l i t y .  This 

select area, Hiah-Speed Shadowgraph Viewing System w a s  used f o r  determining 

drople t  s izes .  

Per turbat ions of the  flow f i e l d  would e f f e c t  

Resul ts  

This technique was pattcriled a f t e r  the technique used by Tngebo 

and Foster  (Kef 2 )  and cons is t s  of high-speed photography of the  moving stream 
and subscqucnt determination of drop s i z e s  from the  photographs. 
fea ture  of the  cur ren t  s tudy is the  s i z e  of the  water jet. The wind tunnel  a t  

Lhe point  where the j e t  plume was evaluated is s ix- fee t  high and nine-feet  
wide. The water nozzle was located i n  t h e  tunnel t h r e e  f e e t  from the  s i d e  

winciows, conszquzucly, i t  was naccsoar; t o  use a te lephoto lens  t o  achieve t h e  

proper aepcn of focus with a la rge  i r i s  cz cbcsin a shallow depth of f i e l d .  
Several  lenses  were evaluated before  a s u i t a b l e  system was found. Flguro 1 is 

a sketch sltouirArg the  c m e r a  locat iou.  Photography of moving drople t s  requi res  

the use of e i t h e r  a short-durat ion l i g h t  source OK a f a s t  s h u t t e r  with a high- 
i n t e n s i t y  l i g h t .  

shadowgraph the drople t s  i n  the  flow f i e l d  and relaxed the requirement f o r  a 
high-speed s h u t t e r  system on the camera. 

and lens  i n s t a l l a t i o n ,  and Figure 3 is a view of t h e  high-intensl ty  l i g h t  

i n s t a l l a t i o n .  

nozzle taken by t h i s  photographic system. 

The unique 

A short-durat ion,  hikh-intensi ty  l i g h t  source w a s  used to 

Figure 2 is a view of the  camera 

Figure 4 is one of t h e  drople t  photographs of a O.ZS-in.-dia 

B. WATER MASS DISTRIBUTION STUOY 

An i d e a l  water i n j e c t i o n  system is one in which t h e  water is 
uniformly d i s t r i b u t e d  throughout the  gas stream. 

have soine knowledge of the  inass d i s t r i o u t i o n  in the  water plume. 

A designer  must, therefore ,  

8 
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Figure 1 - Test I l i s ta l lat ion at Lewis Runaarch Center Icing Tuniiel 
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A mass-distribution s tudy u s ,  therefore ,  incorporated into t h e  
The test program, by using a sompling probe t o  c o l l e c t  a gas-water sample. 

water was removed from the a i r  by a Cyclone Separator* and co l lec ted  and 

measured i n  graduated cyl inders .  A time-lapse camera recorded the water 

co l lec t ion  r a t e  from each probe. Figure 5 is a schematic of the  water- 
co l lec t ion  system. 

water stream. 

permitted the  rake t o  be moved l a t e r a l l y  away from the plume center  l i n e  and 

A rake with f i v e  probes w a s  se lec ted  f o r  sampling the  air- 
A rake support  was designed t h a t  was s u f f i c i e n t l y  r i g i d  y e t  

r t i c a l l y  upward above the  f l o o r  of the  tunnel. By reposi t ioning the  sampling 

rake between tests, complete mapping of the  plume from the  water je t  was 
possible. 

by repeat ing the test condi t ions of water tlw and wind-tunnel speed, and 
reposi t ioning the probe a f t e r  each test, a complete pa t te rn  was obtained. 

ACC Drhwing 1136457 def ines  the rake supports  t h a t  were positioned on the  

f l o o r  and c e i l i n g  of the wind tunnel. The rake configurat ion is shown i n  

AGC Drevine 1136456. 

The e n t i r e  plume could not  be transversed during any one test, but ,  

The s;u.spling rake consis ted o; f i v r  probes locate4 p a c d l r i  iu 

each o ther  a t  a center  l i n e  spacing of 4 in. 
1/2-in. p i p  about 11-in. long. 

pipe. 
probe support  t o  preclude any dis turbance of the  subsonic-flow Eield a t  or 

upstreao from the  probe i n l e t  due t o  the  probe i t s e l f .  

f l u .  f i e l d  can be ensured i f  t h e  s t a t i c  pressure both ins ide  aiid outs ide  of 

tha probe is balanced. 

‘rrssura taps  t o  permit measuring of s t a t i c  pressure i n  the probe. 

. en t ra l  probe on the  rake contained three  such s t a t i c  pressure taps. 

recording the s t a t i c  pressure a t  each of the three  tap  locat ions,  one could 

i n f e r  Lhe s h c i c  pressure a t  the  probe l n i e t  for comparing with t h e  tunnel  

The probe i t s e l f  was a piece of 

The probes were supported by a 1-1/2-in. 

Each probe extended some four support  pipe diameters upstream of t h e  

Good sampling of the  

Consequently, th2 probes were Instrumented with s ta t ic  

The 

By 

*ihe Cycloae Separator  uas deeigacd for the  an t ic ipa ted  t e s t  flow rateu end 
t e s t e d  ..*A: l& ~ n t o r j  eonriltims t ;  r r c l u a t e  its eftectivenebe. 
of che C f c h  keparator proved to be f4ea l  with no detec tab le  moisture i n  
1CS crhiurt. 

Thc ac t ion  
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s ~ a t i c  pressure. 

the three s td t ic -pressure  por t s  indicated.  
Figure 6 is .? schcmoLic of the sampling probi. design, with 

A vatt?r separa t ion  and co l lec t lon  system located outs ide  of t h e  

wind tunnel was ronnected to the  probe by c l e a r ,  p l a s t i c  tubing. 
pressure taps vere connected t o  a u n i t y - o i l - f i l l e d  manometer board, and tha  

probes were connected t o  cy l indr ica l .  l u c i t e  cyclone water separators .  Water 

col lec ted  by ea:!! separa tor  drained i n t o  co l lec t ion  tubes, as i l l u s t r a t e d  i n  

Figure 7. 

and outs ide  of the probe should be balanced. This is  achieved by making the  

gas irclocicy fluwing through the probe the s a w  as t h e  gas v e l o c i t y  outs ide 

the probe. 
separa tors  to overcome the  pressurc losses i n  the  water sapera ta r  and l ines .  

The s t a t i c  

To achieve i s o k i n e t l c  s m p l i n g ,  t h e  s t a t i c  pressure both ins ide  

A pump was added, as shown, :a the  discharge s i d e  of Lila waEer 

The addi t ion  of a clock timer and a caiaera cainpleted the  wdter 

oaapl tng i n s t a l l a t i o n .  

the  Find tun;icl. nad Figure 9 is a -;if:i of the  wster c o l l e c t i o a  eysLeili, 

insta: l sJ  b a l m  the wind-tunnel fLod. 

Iligiire 8 is a view of the sampling probe located in 

I 

w 
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Figure 8 - Water-Samplinp Probe Intitallation 
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IV. EXPIKIEIENTAL PROGRAM 

A t o t a l  of 147 t e s t s  were conducted over a six-week period in the  Lewis 

Research Center ic ing  tunnel a t  Cleveland, Ohio. 

t a c t i c a l  placcment of the  sampling probe and arrangement of t h e  photo graphic 

system eo obtain the  b e s t  water j e t  plume coverage f o r  the  water pressure s e t t i n g  

and Qind Lunnel v e l o c i t i e s  se lec ted .  Five d i f i e r e n t  nozzles wele resled;  th ree  

penetrat ion nozzles were used f o r  the  water drople t ,  mass-dis t r ibut ion study 
and two f la t - spray  nozzles were t e s t e d  to determine t h e i r  pene t ra t ion  

c h a r a c t e r i s t i c s  i n t o  a cross  flow of  gas. 

Each test consis ted of 

Tlw var iab les  in the  test program a s i d e  from t h e  nozzles  theinsolves were: 

rake pol i t ion ,  water-droplet camera pos i t ion ,  t h e  water manifold pressure (water 

flow rare) .  The var iab le  most e a s i l y  changed was t h s  water flow r a t e ;  consequently, 
th ree  t e s t s  were run (one a t  each of th ree  water pressures)  for each probe 

and camera locat ion.  In ii few tests the  a i r  v e l o c i t y  i n  the  wind tunnel  was 

Is0 changed (par t icu lar ly  t r u e  in tbc  tests of t h e  f la t - spray  nozzles.) 

Complete ana lys i s  of the  water - je t  plume required up t o  four  pos i t ions  

of the probe rake in the  v e r t i c a l  plane, and four hor izonta l  loca t ions ,  one 

of which is in l i n e  with the  nozzle. 

measured because photographs of the  plume have shown t h a t  the  flow was s y m e t r i c a l  

about t h e  center  l i n e .  

nozzle st one flow r a t e  i t  required a s  few a s  4 and as many a s  16 test runs, 

depending on the dis tance the  j e t  penetrated i n t o  che tunnel. 

nozzles and thrce  water iwntfold pressures  means t h a t  a maximum t e s t  program 

of 144 t e s t  runs is required f o r  the water c o l l e c t i o n  phase a t  any o m  a x i a l -  

probe locat ion.  

p r a t e  s e t t i n p s  f o r  mapping and, the 1sr&:sse didmeter nozzle cculd only be t e s t e d  

a t  two water pressures ,  hence, resu l ted  i n  e reduct ion in ehe aforementioned 

number of tests. 

Only one-half of  the plume was a c t u a l l y  

Consequently, i n  order  t o  completely evaluate  one 

To evaluate  three  

The smaller  plume s i z e s  f o r  the small nozzle required fawer 

To e f f e c t i v e l y  u t i l i z e  the  wlnd-tunnel f a c i l i t y ,  the  experimentation 

and adjustments required t o  obtain diadowgrephs of the water drople t s  were 
performed a s  p a r t  of the  144 t e s t s  required f o r  the mass-dist.rfbution mapping. 

20 



llie s h a d ~ X ~ g m p h  system (even thouah set up and checked out  under laboratory 

condi t ions p r i o r  t o  these t e s t s )  s t i l l  required adjustments and estnblishment 

of test procedures t o  obtain usable data .  

were dependant on the  d is tances  and inherent  t ransmiss iv i t ies  of the  wind-tunnel 

view ports .  

cedures was also required t o  obta in  maximum cont ras t  i n  the F i l m  and relia- 
b i l i t y  ir. enlarging and mcdsuring procedures. 

in jec ted  i n t o  the  tunnel  rapidly decayed the  t ransmissivi ty  of the  illuminn- 
ion  system t o  a point  where shadovgrnphs could be obtained only diirtng the 

'The type and speed of f i lm used 

Experimentation w i t h  the  i L l n i  developu~ant and the cnlarging pro- 

Recirculat ion of thc va:ar 

f i r s t  15 sec. 
required t o  permit the water j e t  t o  s t a b i l i z e .  

It was a l s o  found chat  the  f i r s t  f i v e  seconds of the :est were 

In most tests the plume-droplet photographs were mado w a r  the center  

l i n e  of the plume, i.e., a t  a Location 3C i n .  from the center  1.ine of the 
plume t o  the wind-tunnel wall. 

i n  Figure 4. 
A typ ica l  plume drople t  photograph is shown 

A. TEST PROCEUURE 

Thc photographs of thc  satcr drople t  were taken and mass- 

d i s t r i b u t i o n  test d a t a  were co l lec ted  simultaneously during each test run. 

The camera and the  water c o l l e c t i o n  system were posi t ioned f o r  a p a r t i c u l a r  

series of test runs, and the pos i t ion  of the water  co l lec t ion  probe and camera 

i n  r e l a t i o n  t o  the  water nozzle were uoted in accordance with the  coda shee t  

s h a m  I n  Figure 10. 

Data from each te3t were recurded photographically and logged by 

operators  on data  shee ts .  

(1) tunnel a i r  ceoperaeure, (2) baroixtri i  p r i s s u r r ,  and (3)  v i t e s  msnifold 

pressure. S t a t i c  and a i r  t o t a l  pressures  in che wfnd tunnel  were indica ted  

on a aanometer board, which was recorded photographtcally during each run n t  

steady-state  condi t ions.  

Tcs t  condition; noted by the  opcratara  were: 

The water-col1.ection system waa photographed a t  
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i n t e r v a l s  o nm 5 3 10 sec n durat ion,  and s e v e r a l  photographs were ii io 
' E h O i l I  1 

SUPNARY OF TEST CONDLTLONS 

-.- 

taken of the  water drople t s  in the  pluine during each steady-state  condieion. 

The sdme water supply system was used tis t h a t  described in l k f  9. 

O w e  The water supply pressure was prese t  by r i  lidrid operated lhroc t la  valve, 

the t h r o t t l e  valve in tlre watcr supply s y s t e m  w a s  s e t ,  the  runnel operator  
regulated the tunnel a i r  ve loc i ty  and v a t e r  flow was i n i t i a t e d .  P:-esrure of 

the water supply l i n e  was used w i t h  know f l o w  ca l ibra t ions  to  deternane the 

f l w  rate f o r  each nozzle. 

Photographs of the  water co l lec t ion  system and of the  droplets  in 
the  ja; p l u m  were taken the f i r o t  1 t o  2 minutes a f t e r  i n i t i a t i c n  of water 

flow, a f t e r  which r e c i r c u l a t i o n  of water vapor obs t ruc ts  vis ion.  

water-droplet photographs were obtained during the f i r s t  5 t o  15 seconds of a 

test run. 
next test. 

Sa t i s fac tory  

The t h r o t t l e  valve was adjusted t o  a predeterinined pos i t ion  f o r  tlre 

After  da ta  had been recorded f o r  the clesirod water nwifc!d pres- 

sures ,  the water co l lec t ion  rake was reposi t ioned f o r  the  nexE test run. 
Siioultanoously the camera f o r  photographing the plume was a l s o  repositicned. 

This procedure was repeated for the  three penetrat ion nozzles u n t i l  the  plume 

had been completely mapped for two o r  th ree  water flow ra tes .  Table 1 shows 
the  range of test condi t ions and the number of mapping test runs conducted 

f o r  each nozzle. 

8. SPECIAL TESTS 

A series of s p e c i a l  tcsts was performed with the drople t  t e s t  pro- 

gram t o  evaluate  Lhe penetrat ion characLuris t ics  of the two f la t -spray nozzles. 

Prior t o  t h i s  time a l l  penetrat ion da ta  have beeti r e s t r i c t e d  t o  .?netrat ion o r  

f i re - f lgh t ing  type nozzles. 

NASS wet-olbvn requires  t h a t  B small-diameter water je t ,  which w i l l  break up 

The design of the  water inJect iot i  system f o r  the  

Noiniaal 
Nozzle 

D i n m e  ter , 
in .  

0.25 

0.75 

1.0 
1.0 
1.0 
I. 5 
1.5 

1.5 

F*-O.3-80** 

F -0.3-60 

F -0.3-40 

F -0.3-40 

Nominal 
Water 

Veloclty , 
f t l s e c  

57-105, 

100 

60 

55 

57-105 

57-105 

57 

57-100 

60-120 

130 
60-120 

120 

Nonrinal 
Wind Tuaoe, 

A i r  Velocity. 
f t l s c c  

400 

400 

220 

330 

400 

400 

220 

420-430 

220 

430 
120 

4 30 

--. 

T o t a l  

NATER JET PENETLU'ION TESTS 

Nominal 
Nozzle 

Diameter, 
in.  

F-0.3-80 

F-0.3-40 

Nominal 
Nozzle 

Diameter, 
In. 

0.75 
1.0 

Nominal Nominal 
Water Wind Tunnel 

Velocity, Air Velocity, 
f t f s e c  f t !set --- -- 
60-120 220-430 

GO-120 120-430 

WATER POLYELER EVALUATION 

Nominal Nominal 
Water Wind Tunnel 

Velocity, Air Velocity, 
f t/sec f t /see . - -__- -I-- 

60 200 

2a 400 

Number 
of 

Test  
Runs 

17 

2 

4 

1 

53 
29 

2 

9 
10 

1 

3 

1 
152 

-- 

- 

Number 
of 

Test  
Runs 

3 
2 

Number 
of 

Test  
Runs 

2 
1 

---- 

23 *Flat Spray Nozzle 
**Nozzle Spray Angle, degrees 
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rapidly,  be incorporated i n t o  the s y s L e m  f o r  inLeract ion u i t h  the near-wall 

gas f low.  
quest ion,  spec ia l  t e s t s  were deewd necessary. These tests were conducted i n  

the same manner a s  the Phase I1 t e s t s  reported in Ref 9 .  Six  tests were per- 

formed a t  e.0 wind-tunnel speeds and three  :.rater pressures. 

Because the penetrat ion c h a r a c t e r i s t i c s  of such nozzles were i n  

The l a s t  four t e s t s  in the  wind tunnel  were performed t o  qua l i ta -  

t i v e l y  evaluate  the inf luence of a h ig l i -~ lecular -se ig l i t  organic  polyiaer of 
The polymer bylene  oxide on the pene t ra t ion  c h a r a c t e r i s t i c s  of a nozzle. 

evaluated vas  Polyox, a product of Union Carbide. P l a s t i c s  and Chemical 

Division. 
t ions  a3 low a s  20 ppm, a c t s  t o  reduca by as  much a s  80% the  rirrbuient f r i c -  

t i o n a l  drag of the water. The quoted e f fec t iveness  of t h i s  polymer on Zric- 
t ion,  on the b a s i s  of torque reduction t e s t s ,  is more Lhan a 40% reduction i n  

torque a t  a concentrat ion of 20 ppm and more than 60% a t  a coacentrat jon of 

50 ppm. 

The polymer is water  so luble  and whrn added t o  water in concentra- 

C. ELETlIOD OF DATA REDUCTION 

1. Mater Droplet Study 

The photographic negatives from the  water-droplet-size study 

were i d e n t i f i e d  and enlarged t o  8 x 10 in. f o r  pr in t ing .  Thi3 resu l ted  i n  

dpyroximately a 3:l enlargement of thc dropleL3 Lhemselves based 011 photo- 

graphs t h a t  included a view of the probe as sliown in Figure 4. The a c t u a l  

' i e ld  of vlev was approximately 2.5 in. on a s i d e  with a depth of focus of 

0.25 in .  

gray spots .  
dark center  tha t  increases  i n  s i z e  u n t i l  the  gray a rea  is a l l  dark. 
point  thc drople t  is i n  t h e  facal plane of the  lcns .  

thought of as a penumbra ani! the  dark center  a0 the  umbra of the  backl ighted 

drople t ,  

Any drople t s  not within s.125 in. oE the  foca l  plane appeared as  
As the  gray spot  approaches the foca l  plane i t  f i r s t  assumes a 

A t  t h i s  

The gray a rea  cm be  

In i n t e r p r e t i n g  the a c t u a l  sire of the drops Chose in whlch a 

25 

s i g n i f i c a n t  f r a c t i o n  of the  surface was a gray penumbra were n3t  counted, i.e., 
only those i n  which the width of  the  penumbra was equal  t o  o r  less than the  

diameter of the umbra were counted. I.: s i z i n g  these  parLicular  drops, one- 

ha l f  of the width of the penumbra regions was alded to  the  radius  of the  umbra 

region and t h i s  w d s  reported as  the drople t  diameter. Data reductior. then 

consis ted of reading drop s i z e s  and tabula t ing  them from each photograph. Each 

photograph was divided i n t o  a 1 x 1 in. g r i d ,  and drople t s  i n  randomly s e l e c t e d  
g r i d  squares were s ized  and counted u n t i l  approximately 200 drople ts  were 
counted. 

nearest  0.005-in., by means of a graduated s z a l e  with markings a t  0.005-in. 

i n t e r v a l s .  Using t h i s  comparator a 0.005-in.-dia drople t  on the  photograph 

has an ac tua l  diameter of approximately 35 t o  40 p.  From the tabulated drople t  

data  s e v e r a l  numbers descr ibing the drople t s  were ca lcu la ted  as follows: 

A comparator xagnifying g lass  was used t o  size the  drople t s  t o  the  

1. The mean drople t  diameter a w a s  found by summing t h e  
diamcters and dividing by the number of par t ic les .  

2. The sample mss mean dinnnter  or the  rey.yescn:.ici.t:e 
diameter based on the t o t d l  weight of the drople t s  divided by the number of 
par t ic les .  

3. The mass median p a r t i c l e  s i z e  a niediaa o r  t h a t  drop 
diameter a t  which ha l f  of the volume of the spray is from drops having diaa- 

eters snial luL than a, and half  is froin drops l a r g e r  tnao 3. 

Early i n  the daLa reduct ion phase i t  became apparent that the  

task  of t ; tolat ing the  n u u h s  and s ize  bf a l l  drople t s  f o r  each test wauld be 

extremely time consuming, consequeutly, a check was made on t h e  consequences 

of random campling each photograph. 
were counted and ~ i z e d .  

were calculated f o r  each tabulat ion.  

weight of the drople t s  as a funct ion of dr>p diameter f o r  an carlj t e s t .  

the data  reduction of the drople t  photographs, then, one a i m  was t o  achieve a 
sample size of approximately 20@ droplets .  

For cne test a t o t a l  of 1314 pr rLio l rs  
?lass d i s t r i b u t i o n  curve!  and D.ISS mean drop sizes 

Figure 11 is a p l o t  of the  cumulative 

In 
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2 .  >lass Distr ihut ion Study 

The reduction of rhe water-mass-distribution da ta  consis ted 

of i n t e r p r e t i n g  the timc sequencc photographs of the water-col lect ion system. 

Each photograph contained the time a t  which the measurement was made and the  
quant i ty  of water  i n  the graduated cy l inders ,  

and ~ l i r  rime avrrdgc r a t e  of f l u i d  co l lec t ion  vas calculated.  

time was required for  the co l lec t ion  system t o  s t a b i l i z e ,  the f i r s t  few tead- 
ings wcre dcleLed from the r a t e  determiilation. 

cion were then p lo t led  i n  r e l a t i u n  t o  ~ h r  noveie e x i t  plane f o r  each tsst. 

This information was tabulated 

Since some 

These ra tes  of water col lec-  



V. DATA AXALYSIS 

A. WATER-DCOPLET-SIZE DETEMIINATION 

%?ne water-droplet s i z e s  were s t a t i s t i c a l l y  reduced and arranged 

according t o  nozzle s i z e ,  water flow r a t e ,  and loca t ion  i n  the water j e t  plume. 

Photographs of the  j e t  plume werr taken a t  three dis tances  down- 

s t ream of the nozzle and from one t o  th ree  points  i n  the plume above the noz- 

z l e  exit a t  each a x i a l  locat ion.  llie focz l  plane of t h e  camera vas  general ly  

along the ax is  of the jet. 

Not a l l  photographs were i n t e r p r e t a b l e  for one o r  more of the 
following reasons: 

1. Poor c o n t r a s t  between drople t  and bnckgromd developed rapidly 

due t o  rec i rcu la t ion  of water (fog) in the  wiild tunnel. 

s l i r t ty  of the tunnel var ied with prescr ibed test condi t ions.  
Also, the trausmis- 

2. Spray w a s  not uniform with t i m e  and var ied i n  a random uiadnor, 

p a r t i c u l a r l y  during the f l r s t  few seconds of a test run. 

3. Water mass Concentration due t o  lack  of stream breakup o b l i t e r -  

a t e d  the high-intensl ty  l igh t .  

4. Experimentation with d i f f e r e n t  types of f i lm,  l i g h t i n g  inten- 

sitles, and developmcnt processes produccd some unusable negatives. 

Zia points  i n  the  water pluFs wkare the droplets  %id the mass mean 

drople t  diameters were n c a u r e d  have been p lo t ted  i n  Figures 12, 13, and 14 

f o r  the  three penetration-nozzles tes ted.  In theoe f tyures  the locat ion of 

the j e t  p l u m  le noted a s  well as  the t e a t  condl t ions.  Droplet measurements 
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w e i e  made a t  tliree planes downstream of the norz le ,  7, 2 1 ,  anJ 57 i n . ,  and 

from two t o  four poin ts  above the e x i t  plnnc  of the nozzle. 

t h a t  could be in te rpre ted  and, therefore ,  included in the  ana lys i s ,  are tabu- 

l a t e d  i n  Table 2. 
spray nozzle with two or three water-jet v e l o c i t i e s  f o r  each a t  a wind-tunnel 

a i r  ve loc i ty  of 400 f t l s e c .  The 1.125 (nominally 1- in . )  penetrat ion nozzle  
was a l s o  tes ted  a t  a wind-tunnel a i &  relociLy of 200 f t / sec .  

:he data  from the  a m a l l  nozzles d t  low water v e l o c i t i e s  resu l ted  tn t h e  

bes t  photographs. 

e i t h e r  completely or p a r t i a l l y  opaque photographs in tests of large-diaauter  

nozzles. Where the drople t s  were v i s i b l e ,  they were s ized;  consequently, 

in those cases  where p a r t s  of the prinL were opaque the  t rue  m a u  diameter 
is quest ionable  because of the  minimum sample. 

Data from tests 

T e s t  datd were obtained f o r  th ree  penctr.itlon and one f l a r -  

I n  gcnexirl, 

The high dens i ty  of water i n  the gas stream resu l ted  in  

1. Mean Droplet Size 

The mean droplet  s i z e  f o r  each in te rpre ted  t e s t  p:uitc;uaph =as 

ca1cula:cd 00 t!xc b a s i s  of the cl;unrton: 

where: 

a = C n d  
N 

2 = average drople t  s i z e  

n = number of drople t s  of a given s i z e  

d = drople t  diameter 

N = t o t a l  number of drcp le t s  counted 

(Eq 4) 

This number is s t rongly  inf luenced by the sample s i z e  and the range of diam- 

eters i n  Lite sample. 

A diameter more comwnly used i n  evaporation ca lcu la t ions  is 
the  gags mean (or volume mean) diameter defined ty the  equation: 

Nozzle 
Uia, 
Tn. 

0.25 

- 

I, 

, 

0.25 

I 

11 

0.25 

1.125 

I, 

1.?25 

I1 

I ,  

1, 

I, 

1.125 

I 1  

1.125 

I t  

I 

J e t  
Velocity, 

f t l s c c  

59.8 

56.4 

54.3 

82.8 

-- 

87.9 

85.6 

105.0 

60.2 

61.4 

59.8 

62.8 

61.7 

66.1 

62.2 

97.4 

101.3 

107.7 

114.6 

118.1 

TAB1.E 2 

PMTEK UROI’LET STUDY TEST CONDITIONS 

Gas 
Stream 

Velocity, 
f tlsec 

430.0 

4.30.8 

423.5 

430.2 

430.0 

431.3 

428.4 

199.0 

202.2 

427.3 

428.6 

425.8 

428.4 

426.8 

427.6 

428.9 

433.0 

434.2 

376.8 

~- 
A i r  

Pressure, 
i n .  ‘ E  

25.82 

25.79 

26.17 

25.79 

25.79 

25.80 

25.78 

_c 

28.64 

28.65 

26.31 

26.34 

26.32 

26.46 

26.42 

26.44 

26.36 

27.00 

27.04 

26. ao 

A3 r 
Temp . , 
O F  

53 

46 

43 

45 

50 

49 

47 

- 

6 

45 

50 

51  

18 

60 

46 

51  

57 

40 

45 

48 

No. 
Droplets 
Ccunted Comments -- --. 

139 in te rmi t ten t  Spray 

225 

267 

201 

201 

lol 

196 

Focal plane 2 i n  fud 
of plume c e n t e r l i n e  

37 ~ l r o o l e t s  interspersed 
ktl2eci: opaqse zones 251 

Droplets t op  of photo 
bottom opaque 242  

213 Droplets in te rspersed  
between opaque zones 

257 Droplets top of photo 
bortom opaque 

4o Droplots in te rspersed  
between opaquc zones 

228 Droplets bottom of photo 
top of photo opaque 

351 Droplets top of photo 
bottom opaque 

66 Droplets in te rspersed  
between apaque zones 

97 Droplets a t  top of photo 
bottom opaque 

poor atomization 
15 Sciall nnnber of l a r g e  

drops evident  

215 ) Large opaqus zones. 

33 34 



T e s t  
Run 
No. - 

133 

59 

78  

82 

135 

141 

143 

98 

107 

116 

Nozzle J e t  
D i a ,  Velocity. 
in. f t l s e c  

1.502 63.8 

- -  

1.502 95.3 

99.2 

95.8 

94.6 

95.8 

II 

1 

I, 

*I 

1.502 66.4 

68.7 0 

0.3FSO 65.1 

64.6 

120.5 

11 

/ 

TABLE 2 (cont.) 

Gas 
Stream A i r  

Velocity, Press re, 
f t l s e c  in. 5 

396.3 26.42 

IY 

371.8 27.22 

370.6 26.69 

385.1 26.90 

366.2 21.90 

351.6 26.92 

382.6 26.5 

386.8 26.42 

222.4 28.51 

218.4 28.56 

223.3 28.51 

A i r  
Temp., 

'E 

45 

-_ 

44 

50 

46 

51 

49 

46 

49 

45 

45 

43 

No. 
Droplets 
--- Counted Comments 

208 Eew drops v i s i b l e  

146 Small zone of drople t s  

57 St,,all zone of drople t s  
surrounded by opaque zun 

ziirround.?d hy opaque oon 
2,6 1 Voids interspersed 

hy drople ts  

1 7  Faw drops v i s i b l e  

93 

52 Opaque except f o r  l i g h t  

Light zone near  top - 
balniice dark 

?oiw near top 
209 

231 

214 

253 

35 

- 3 113 r 1, d 
dinean = ( 7 - 1  

L l ,  
= mass mean p a r t i c l e  diameter where: 

A t h i r d  diameter is a l s o  ca lcu la ted  f o r  each sample termed 

the drople t  mass median drop s i z e .  This drop s i z e  r e f e r s  t o  t h a t  p a r t i c l e  s i z e  

f o r  which the cumulative mass of a l l  p a r t i c l e s  smaller (and la rger )  than t h a t  

s i z e  equal one-half of the  mass of those p a r t i c l e s  in t h e  sample. 

diameter is expressed by the equation: 

lkis median 

amass 

- -  - - 1 / 2  
t3 f (5) d5 

1 dmnx 
t3  f ( 5 )  d5 

where: dmax = marinurn drople t  s i z e  i n  sample 
- ~ill;js -.".,> -- dmass - bucuI -,, diaineter 

5 = a dummy funct ion 

f ( 5 )  = the  frequency funct ion of the p a r t i c l e  number 
d i s t r i b u t i o n  

These three  msan diameters were ca lcu la ted  f a r  each lest in which the  photo- 

graphs could be in te rpre ted .  The drople t  s i z e s  ca lcu la ted  f o r  these tests are 
tabulated i n  Table 3. 

Comparing these da ta ,  i t  w i l l  be seen t h a t  very l i t t l e  sig-  

n i f icance  can be a t t r i b u t e d  t o  the l i q u i d  ve loc i ty .  There a r e  d i f fe rences  t o  

be noted bucausa of changes in e i t h e r  the a i r  ve loc i ty  or in the nozzle size.  

T h i s  is reasonable since the  wdter jet is nonnal t o  the airf low and a t  a 
veloci ty  very much l e s s  than the  air veloci ty .  and thus the water j e t  ve loc i ty  

should have l i t t le  inf luence on the drop s i z e  axid only the s i z e  of the j e t  and 

the a i r  veloci ty  a r c  s i g n i f i c a n t  VarlahLeH, 

36 

(Eq. 5) 

(Kq. 6) 



Yc;,S W.01' SIZE AXD Dl?iL;;S LONl.ESS FORCE RATIOS 

- 
~ u t l  Dmem D m x  I:eber Reynolds 

No. Ve/Re Ho.lo.-....- I-1 No. 

6 160.27 246 5.316 x 10.4 x lo5 .0511 x .00475 

9 

16 

10 

12 

8 

94 

6 

23 

30 

88 

119 

125 

63 

43 

73 

124 

133 

166.2 

179.26 

160.8 

162.6 

151.5 

150.5 

33G.5 

299.0 

204.9 

230.9 

129.2 

277.7 

160.6 

184.6 

124.3 

177 .1  

680 

236.4 

139.2 

246 

4 50 

205 

205 

20 5 

20 5 

614 

49 1 

368 

6 14 

205 

4 70 

290 

327 

181 

286 

2165 

326 

253 

5.296 

5.!479 

5.310 

5.316 

5.283 

5.355 

4.341 

4.285 

I .  196 

1.188 

1.204 

1,190 

I .  198 

1.194 

1.187 

1.165 

1,158 

1.187 

0.869 

11.68 , .0453 

12.06 .0455 

11.86 .0448 

10.88 .0488 

11.11 .0476 

11.42 .0469 

28.74 .0151 

28.47 .0150 

51.27 .0023 

50.56 .0023 

51.96 ,0023 

43.26 .0027 

53.83 .0022 

48.69 .0024 

44.69 .0026 

60.68 .0019 

52.99 .0022 

51.46 .0023 

74.19 ,0012 

31 

.0046i 

.00462 

.COI.60 

.a0470 

,00467 

. .00465 

.0035U 

.00350 

.00219 

,00220 

.00219 

.00229 

,00217 

9 00222 

.00227 

.00209 

,00216 

.00219 

,00185 

--- D30'Do 

.0252 

.0262 

.028?: 

.0253 

.0256 

.0238 

,0237 

.0115 

.0105 

.0072 

.0080 

.0045 

.no97 

.0056 

.OOG4 

.GO44 

.006% 

.0238 

. o o a  

.0036 

-___ D " d  0 

.0387 

.OM7 

.0708 

.0323 

.0323 

.0323 

.0323 

.0215 

.0172 

.0128 

.0215 

.0072 

.0164 

. O l O l  

,0114 

.0063 

.0100 

.075r 

,0114 

.0066 

Run 
No. 

45 

59 

78 

82 

135 

-- 

141 

143 

98 

.07 

116 

- 
D m e m  

I-1 

209.8 

182.2  

178.2 

260.8 

209.4 

- -. 

250.8 

141.7 

227.2 

127.2 

170.2 

Dmax 
11 

450 

246 

368 

410 

398 

470 

253 

450 

21 7 

326 

Vebcr Reynolds 
XO . We/Re . ( l ~ R e ) ~ * ~ ~  NO* ~ _ _ _ _  

1.184 x 62.52 s 105.0019 x .00205 

0.908 64-46 .0014 .00194 

1,104 62.66 .0018 .00205 

0.874 65.74 .Oil13 .00190 

0.892 h9.7Il ,0013 .00185 

0,900 70.57 .0013 .00189 

0.898 66.01 .0014 .00192 

16.74 7.16 .2338 .00695 

17.35 7.15 .2426 .00702 

16.59 7.55 .2196 .00685 

38 

-- d3dd0 
.0055 

.0047 

,0046 

.0066 

.0055 

,0066 

.0037 

.cx2 

n * c g  

.0226 

."I" 

- 'max'' 

.011 - 
1 

.006 

.009 

.010 

.010 

.012 

.006 

.059 

,028 

.043 

1 

B 

1 

1 

1 

1 

I 

! 

I 



Ingebo (Ref 2 )  s tudied  the e f f e c t s  of var iab les  i n  l i q u i d  

proper t ies  and a i r s l ream coiiditions and with the a i d  of dimensional ana lys i s  

obtained a groupiog of dimensionless r a t i o s  t h a t  character ized h i s  data .  He 

reported tha t  the following empir ical  equat ion cor re la ted  with h i s  data .  

where: Dm = volume mean diameter 

Do = o r i f i c e  diameter 

We = Weber number (- 

) R e  = Reynolds number ( Do 9 pw 
% 

o = l i q u i d  sur face  tension,  lbm/ft 

p = Density, l b / f t 3  

p = Viscosicy. l b / f c  sec 

Subscr ipt  s r e f e r s  t o  gas stream, 

v = Velocity, f t / s r c  

w r e f e r s  t o  l i q u i d  

Because the gas stream var iab les  were l imited p r i n c i p a l l y  to ve loc i ty ,  t h e  

inf luence of gas v i s c o s i t y  is undefined, and t h e  Reynolds number i s  i n  
essence a l iquid-f i lm Reynolds number. 
cases was assumed to be t h e  o r i f i c e  diaraeter Do. 

is a s s w e d  t o  be the  r e l a t i v e  ve loc i ty ,  which f o r  cross-stream i n j e c t i o n  

is e s s e n t i a l l y  the  gas ve loc i ty  s ince  thP ve loc i ty  of the  l i q u i d  is less 
than the  ve loc i ty  of the  air. 

The c h a r a c t e r i s t i c  length in both 

The gas strearj ve loc i ty  

Figure 15 is a p l o t  of the  mass mean drople t  diameter. 

nozzle diameter r a t i o  vs  a funct ion of the  Weber-Reynolds r a t i o .  

i n  t h i s  f igure  is d a t a  of and cor re la t ing  equatLon recommended by Ingebo. 

Table 3 is a tabula t ion  of the diKcnsfonless forcc  r a t i o s  f o r  each drople t  

test analyzed. 

Included 

39 

10' 

-- *30 
DO 

10- 

(h'c/Re)0'2S 

40 

Figure 15 - Comparison of Neaii Drop Sizes  with Imebo Corre la t ion  



2. Naximum Droplet S ize  

Ingebo assumcd t h a t  the maximum observed drop s i z e  was a l s o  

a funct ion of the dimensionlass proper t ics  r a t i o  and from examination of the 

d a t a  found t h a t  the  following equation Lest reprcsented the  data ,  

22.3 (We/Re)0'29 0%. 8) 
Dmax 

DO 

- a  

This re la t ionship  was used a s  a bas is  f o r  comparison with the maximum observed 

drople t s  in t h i s  study with the r e s u l t s  ind ica ted  in Figure 16. 

observed drople t  diameters are a l s o  tabulated i n  Table 3. 
The maximum 

3. Droplet Dis t r ibu t ion  Data 

Each photograph of the drople t  tests analyzed yielded a num- 

b e r  of drops of various s i z e s .  

in i n t e r v a l s  of 40 p.  

range of from 40 t o  60 c and the o ther  drops grouped accurdingly. 

t i v e  mass percent  of the drops i n  the  sample was then calculated and is plo t ted  

i n  Figures 17, 18, and 19 for the  0.25 ,  1.125, and 1.502-in.-dia nozzles, 

respect ively.  

Tliese drops were grouped according t o  diameter 

The smallest drople t  s i z e  measured was placed i n  a 

"he cumula- 

B. UATER DISTRIBUTIOl STUDIES 

The water samp1in.g meariurements were asseabled together  f o r  each 

nozzle and coinpared graphical ly  f o r  each probe loca t lon  r e l a t i v e  t o  the nozzle 

e x i t  plane. 
saapl ing  t a o t  data. 

g ra ted  t o  obta in  a f i g u r e  representa t ive  of the t o t a l  water flow rate. 
flou curves were in tegra ted  in sec t ions  normal t o  the d i rec t ion  of water flow 

( layers  p a r a l l e l  t o  the gas flow) with the  r e s u l t  t h a t  one can determine the  

f r a c t i o n  of the t o t a l  flow remainlng in (or removed from) the water j e t  as  a 

These graphs are included i n  Abpendix A a s  par t  of the water- 
The water-dis t r ibut ion curves were a l l  graphical ly  intz-  

The 

41 

4 s  
2 

0 0.25 
0 1.0 

a 1.5 

Figure 16 - Correlat ion of Haximum Drop Size  with Dimensionless Rat ios  
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Flgirre 17 - Droplot -Size  Distrlbuttona for 0.2S-in.-dia 
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T- 

tunct ton of disLance atray from che nozzle e x i t  p l m e .  

shw.? the  r e s u l t s  of these 1nLegration ca lcu la t ions  f o r  each of the  petietrariun 

nozzles. 

proposed by Clark (Ref 1 ) did not  coinp.irc with thcse C u r v i S ,  as shown in 
Figures 28 through 30. Clark was ab le ,  i n  h i s  pred ic t ion ,  t o  determlno the  

r a t e  of: water-)et break-up but  did not ,  however. directly determine mass dis-  
t r i b u t i o a  i n  the  gas streora. 

the point of mnxtmum pcnetrnt ion for  each nozzle was ca lcu la ted  sing tile COP 

r e l a l i o n  in Ref 8. 

Figures 20 e11roug:h 27 

ELss-distribution ca lcu la t ions  made using the vatcr-break-up nodel 

In an actempe t o  noudimensionnltze the  test data ,  

where: 

a =  

a =  
x -  
( 1 '  

do = 

penetrat ion d is tance  
mixing length downstream of the  noizle 
dynamic pressure 

irorrlo diameter 

Subscripts :  w - water or l i q u i d  

s - pu.. st ream 

The point  of maximum penet ra t ion  is tha t  point  where 3 = X, 

and 33 show the  aass -d is t r ibu t ion  curves f o r  t h e  t h r e e  nozzles in rems of 

penetrat lon d is tance  f o r  the  d i f f e r e n t  vster-dr iving forces. 
curves are of the same general  shape varying l i t t le  from aarh other .  

small-diameter nozzle deposi ted qore wntcr near t h e  po in t  of maximuol peuetra- 
t i o n  than did the  o ther  two. 

Figures 31, 32, 

The 'Lnree-nozzle 

The 

There was no attewt t o  s e e  if the  roto1 in tegra ted  flow rate 
equaled the a c t u a l  flow rate from each nozzle; homver,  tile in tegra ted  flaw 

rates from two d i f f e r e n t  nozzles at the  same pressure did wry as t h e  square 
of thc  itozzle diameters. This would be t rue  If the  discharge coef f ic ien ts  of 

46 
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the nozzle a r e  the  same. Also, the in tegra ted  a reas  for the  snrre nczzle  a t  

t w o  d i f f e r e n t  discharge pressures  d i d  VAT). w i t i t  the square root  of the line 

pressure.  Both these condi t ions tend to s u b s t a n t i a t e  the v a l i d i t y  of t h e  

test resu l t .  

A m d i f i e d  form of the  Clark break-up parameter cor re la ted  with 

the water jzr-break-up data. 

C. HATKP, TEXETRATIOY 

'bo flat-spray nozzles b-erc tcsced i n  the  wind tunncl a s  a p a r t  

of t h i s  t e s t  program; hovever. t!i2 p ~ r p z c  oP the tescs was t o  dstsr.;,ine the  

penetrat ion c h a r a c t e r i s t i -  of the  nozzles. 

pene t ra t ing  i n t o  the gas flow were taken (Fibura 3 4 ) ,  and the da ta  were 

analgzcd i n  the same manner as the tescs  rzported i n  Bef 9. 
t h e  penetrat ion tests a r e  sumar ized  in Figure 35. 

generated fan-shaped sprays with Spi-zy ailgles of 40 anJ 80 d ~ ; r e a s .  
p e s e t r z t i m  varied with these spray ncglcn; the  smaller  the y r x y  n - ~ ! c  ?h% 

grea ter  the  penetrat ion.  Compared t o  the  penetrat ion nozzles, the  spray 

nozzles penetrated only 50 t o  50% as f a r  as the  s o l j d - j e t  i~oez les  previously 

tes ted.  Table 4 is a tabula t ion  of the test data  for the  spray nozzles. 

Kquationu f o r  tire flat-spray-nozzlc pnie t ra t ions  are: 

Yhatographs of the  water j e t  

The r e s u l t s  of 

%.a f la t -spray i h ~ i , Z l e s  

The 

Spray Anglc 40" 

61 



6 3  

Tes t 
Run 
No. 

I lo  
--- 

110 

111 

111 

115 

11s 

Nominal 
;&x4zle 
Di., 
in.  

0.296 

II 

II 

I, 

0.296 

II 

I, 

I, 

0.295 

II 

I t  

0.296 

U 

I, 

0.296 

II 

,I 

0.296 

I, 

!I 

TABLE 4 -- 

PLAT-SPMY KOZZLE PEXTUTION TLST DATA 

Water 
Jet  

Vcloclty 
€t /rec  

79.2 

19.2 

117.0 

146.2 

79.2 

19.2 

117.0 

Lf16.2 

-- 

79,2 

117.0 

146.2 

79.2 

117.0 

146.2 

79.2 

117.0 

146.2 

79.2 

1.11.0 

146.2 

Cas 
Stream 

Velocity 
f t f s e c  

144 

-- 

I, 

II 

II 

144 

,I 

II 

II 

144 

I1  

S I  

144 

18 

(t 

285 ' 

I 

I I  

285 

I1 

I t  

Air , 

Pressiirc 
i n .  Iiz 

28.56 

,I 

,I 

II 

28.56 

I1 

$1 

II 

38.58 

I1 

11 

28.56 

I 

II 

26.26 

I, 

I1 

26.26 

I 8  

I1 

64 

Air 
Teap . 
'F 

45 

? 

- 

I t  

I1 

45 

I t  

I, 

II 

45 

I, 

I, 

45 

I1 

I, 

46 

II 

I, 

46 

,I 

I, 

Mixine Penetration 
Lcngth in. 

7 

7 

7 

7 

22 

22 

22 

2: 

7 

7 

7 

22 

22 

22 

7 

7 

7 

12 

22 

22 

Distance 
' in. 

7.6 

8.74 

--. 

11.8 

13.8 

10.82 

12.15 

16.3 

19.4 

9.5 

14.5 

17.0 

13.3 

18.2 

22.8 

4 . 3  

6 .8  

8.0 

S.6 

6 . 1  

11.2 

Nozzle 

Angle 
Degrees 

80 

Spray 

I t  

I, 

11 

80 

I 

V I  

I, 

40 

I, 

I1 

40 

I1 

,I 

80 

I, 

I ,  

80 

I1 

,I 



VI. DISCUSS ION OF RESUI.TSAND RI:,CO?@li?Nl1X~SO[ONS 

A. WATER-DROPLET-SIZE STWY 

Dif ficulLy was experienced in shadographing the  e n t i r e  waiter 

Therefore, drop s i z e s  were measurcd f o r  s e l e c t e d  regions i n  t h e  jet plume. 
plume, usua l ly  near the  outer  edgc ( c i t h e r  top or bottom) of the air-wa$*r 
je t  i n t e r a c t i o n  zone. 

the  plume general ly  precluded any shador~gmplrs of  t h a t  region. 
compares the Ingebo test da ta  (Reference 2) with the  data  o f  the  cur rcn t  

t e s t  program. I n  general ,  t h c r c  is considerably more v a r i a b i l i t y  o r  

apparent s c a t t e r  f o r  the large-dinmctcr-nozzla test data (as lndic3tttd by 

the  +, 50% l i m i t  Llnes) €or t h i s  dtrCa t rend to support the  bgcho test 
r e s u l t s .  

vary with the  square root  of the nomzle diameter. 

nozzle da ta  i n d i c a t e  less dependence or. noaele dlomc'ter. 

agreement with the results of o ther  inves t iga tors ,  such as lCciss and IJorshLn 

(Reference 4 )  who found no nozzle geoi!:etry dependence o ther  than a wnk 

dependence on the  nozzle discharge flow r a t e .  

test r e s u l t s  of t h i s  program with the  pred ic t ive  equat icn ol: KefcrencP 4, 
however, were unsa t i s fac tory .  

The dens i ty  of drople t s  in the  c e n t r a l  regions of 
Figtaro 1.5 

According t o  the re la t ionchip  of Ingcbo, the  drop size should 

However, the l r rge-  

This is i n  

AtteiilpLs to compare the  

Resul ts  from using the  Ingebu equation t o  pred ic t  d rople t  

s i z e s  ind ica te  l a r g e r  drople t s  than those measured from the one in. oc large-  

diameter nozzles and s l iglnt ly  smaller  than t h e  drople t s  measured from tcsts 
using the  0.25-in.-dia.:nozzle. 

The maximum drop s i z e  r e s u l t s  from these t e s t s  Indicate  a 

smaller range of drop s i z e s  (by 3bv:t 30%) t!?m those f o w d  by Inscbo. 

Because the f i n a l  d rople t  s i z e s  a r c  a funct ion OF Weber number, a l l  

d rople t s  w l l l  subdivide u n t i l  a s t a b l e  s ize  is reached. 

number ha9 been defined by var ious authors;  however, kL?sugi def ines  the 
c r i t i c a l  Wcber number as: 

The c r i t i c a l  Weber 
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2 
ps vo d E  

Wec = --- (r = 7.6 

df - f i n a l  d rople t  d lanoter ,  f t  

Vo r e l a t i v e  dropla t  v e l o c i t y  

As long as Wac > 7.6 the  drople t  is  utnstablc and :dll f u r t h e r  subdivide. 

In Ingobo's t isks,  the gas veloc i ty  r.uqpd Krooi 100 to 700 f t / s e c ,  which 

bo.iinrlr riw 200 LO 400 f t l s a c  .ichiltred Li thls study; hor~ever ,  in Chis 
study. tlna s m p l i n g  poin t  was 7 i n .  c w  nore clwnstream of the nozzle  r a i h e r  

than the 1.25 in. i n  Ref 2. 

stream was up t o  f i v e  times or more than t h a t  reached in Ref 2. Longer 
res idence timcs permit the  drople t s  t o  f u r t h e r  subdivide and chus could 

rei iul t  ia a sndlcr lnaximm drop size. 

Conseqrr*ntly, the residence timc i n  t h e  gas 

The decrease i n  drople t  dirn:.2tcr i o r  the same t o t d  :ass 

flow o €  u.iter m w r w  an increase  i n  dropie t  sur face  a rea  exposed t o  t h e  

hot gases; consequently, an i n i t i a l  Increase in the  ex ten t  of avapornt icn 

f o r  a wet-elbow system can be an t ic ipa ted .  

The drople t  test r e s u l t s  were incorporated i n  t h e  computer 

pruyrom t h a t  was prepared as a model for t h e  INASS wet-elbow vaporizat ion 

and cooling problems. 

B. ELASS DISTRIBUTION 

The mass-dis t r ibut ion test r e s u l t s  !*ere reduced to the  
following expression and lncotporated i n t o  t h e  water-jet break-up and 

penetrat ion model for  the NASS wet elbow. Flgure 36 shows this re la t ionship .  
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t 

1.0  

where: q/qo Fract ion of wator remaining i n  the water stream 

c,n 

CM = Clarks break-up parameter modified as follows: 

Empirical constants  (see Fig. 36) 

VR L 
P, -- 
pw "" no 

0.5 s E -  bo) 

L = Dixtanci? j o t  pcnatrated i n t o  gas s t r e a s  

Tho i n t o r u t i o n  generated i n  Chis experimental sciidy Ilnproves 

the  understanding of the  way water from d i f f e r e n t  nozzles is deposi ted in a 

ccosb [low uf gas. 

water uniformly in the  gas strerruc yiopori ional  to t h e  &as f l o ~  t m d s  t o  

rcduce tho inportaace of water drople t s  mixing with  the  gas tu irciiiave a 

uniforn mixture, and consequently more rapid o v e r a l l  cooling. 

the design prnblemx l e s s  c r i t i c a l  in the  wet-elbow configurat ion.  

Designing tha wtcr fn jec t ion  systecl t o  d i u t r i b u b  iha 

This makes 

C. FUT-SPRAY NOZZLE PENETRATION 

An a n l y t i c a l  expression was developed f o r  predict i i rg  the peaetra-  

t iou  c h a r a c t e r i s t i c s  of f la t - spray  nozrlcs. 
determine the water d i s t r i b u t i c n  from amall spray nozzles  cur ren t ly  coilsidered 

for  appl ica t ion  i n  the wet elbow. 

The equat ion will be used to 
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